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Quinone-pocket inhibitorsConsiderable disagreement still exists concerning the superoxide generation sites in the puriﬁed bovine
heart NADH-ubiquinone oxidoreductase (complex I). Majority of investigators agree that superoxide is
generated at the ﬂavin site. Here we present a new hypothesis that the generation of superoxide reﬂects a
dynamic balance between the ﬂavosemiquinone (semiﬂavin or SF) and the semiquinone (SQ), like a “tug-of-
war” through electrons. All preparations of bovine heart complex I, which have been isolated at Yoshikawa's
laboratory, have one protein-bound endogenous ubiquinone per complex I (Shinzawa-Itoh et al.,
Biochemistry, 49 (2010) 487–492). Using these preparations, we measured (i) EPR signals of the SF, the
SQ and iron–sulfur cluster N2 simultaneously with cryogenic EPR and (ii) superoxide production with both
the room temperature spin-trapping technique and the partially acetylated cytochrome c method. Our
experimental evidence was (1) without added decylubiquinone (DBQ), no catalytic oxidation of NADH
occurs. The NADH addition produced mostly SF and it generated superoxide as reported by Kussmaul and
Hirst (PNAS, 103 (2006) 7607–7612). (2) During catalytic electron transfer from NADH to DBQ, the
superoxide generation site was mostly shifted to the SQ. (3) A quinone-pocket binding inhibitor (rotenone or
piericidin A) inhibits the catalytic formation of the SQ, and it enhances the formation of SF and increases the
overall superoxide generation. This suggests that if electron transfer was inhibited under pathological
conditions, superoxide generation from the SF would be increased.reductase; DBQ, decylubiqui-
roline N-oxide; DM, decylmal-
tase; ΔHpp, peak-to-peak line
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During the1970s, Chanceet al. discovered thatmitochondriaproduce
superoxide during respiration [1,2]. In 1979, Takeshige and Minakami
reported that NADH-ubiquinone oxidoreductase (complex I) generates
superoxide [3]. Since then, 30 years have passed, yet,we still do not have
a consensus as to where superoxide is produced in the complex I
segmentof the respiratory chain inmitochondria (Table 1). Because of its
endosymbiotic origin, mitochondria have an independent replication,
transcription and translation system, which combines the features ofprokaryotic and eukaryotic cells [4]. Human mitochondrial DNA has 13
structural genes, out ofwhich 7 are related to complex I. Their sequences
have a very highmutation rate, at least 10 times that of nuclear genes [5].
This may be a reason for a high incidence of mitochondria-related
pathologic conditions (Parkinson's disease) and other neurodegenera-
tive diseases, such as Friedrich Ataxia and Leber's hereditary Optic
Neuropathy (LHON). The genetic instability of complex I may also be
observed in apoptosis, aging, cancer and diabetes. Therefore, to identify
the sites of superoxide generation is very important not only for
understanding the causes for mitochondria-linked diseases, but also for
the development of effective therapies. Aswewill describe in this paper,
the mechanism of superoxide generation is closely related to electron
transfer in complex I. Therefore, the study of superoxide generation will
help elucidating the reaction mechanism of complex I.
Several groups of investigators (including ours) believe that
superoxide is generated from iron–sulfur cluster N2 and/or semiqui-
none [6–8], while others reported that it is from ﬂavin [9–11] (Table 1).
In their previous work with intact rat heart mitochondria, Ohnishi
et al. [8] discussed the reason why the semiquinone region (and
Table 1
List of research groups, proposed superoxide generation sites and systems used. SQ and
SF stand for semiquinone and semiﬂavin, respectively. FMN is ﬂavin mononucleotide.
Research group Generation site Systems used
G. Lenaz Iron–sulfur cluster N2 Bovine heart SMP [6]
M. Brand SQ Rat skeletal mitochondria [7]
S.T. Ohnishi SQ Rat heart mitochondria [8]
S.T. Ohnishi SF and SQ Isolated bovine heart complex I
(This paper)
U. Brandt Fully reduced FMN or SF Yarrowia lipolytica complex I [9]
A. Vinogradov Fully reduced FMN or SF Bovine heart coupled SMP [10]
J. Hirst Fully reduced FMN Bovine heart complex I [11]
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site. It is related to the fact that the redoxmid-point potential (Em,7) of
the superoxide/oxygen couple has been regarded in the literature as
−0.33 V. However, this value was for the gaseous state, and the value
for aqueous solution was corrected to be −0.16 V [12–14]. Since the
Em,7 value of non-covalently bound FMN in complex I is around
−0.34 V, it was natural to consider the generation site to be ﬂavin.
With the previously reported value for the superoxide/oxygen couple,
it was hard to think that cluster N2 or semiquinone would generate
superoxide because the mid-point potential of superoxide is lower
than those of cluster N2 and semiquinone. However, with the
corrected value of −0.16 V, it is easier to accept that the cluster N2/
semiquinone region can also be a site because the Em,7 value for the
cluster N2 is around −0.15 to −0.05 V [15]. Indeed, in complex III,
Em,7 for the semiquinone/quinone couple at the Qo site was estimated
to be−0.16 V [16,17], which is identical to the corrected value for the
superoxide/oxygen couple.
The ﬂavin-free radical has been customarily called “ﬂavosemiqui-
none” because the free radical signal from ﬂavin arises from electrons
at a semiquinone part of the ﬂavin isoalloxazine ring. However, since
we also deal with the signal from the semiquinone form of quinone
molecules in a complex I study, this terminology is confusing.
Therefore, we decided to use “semiﬂavin” (SF) and “semiquinone”
(SQ) to clearly differentiate these two radical forms in this paper. Our
results provided new insights into where superoxide is generated in
complex I and how the generation site shifts back and forth between
SF and SQ.
Kussmaul and Hirst [11] reported that superoxide is generated
only from fully reduced ﬂavin in isolated bovine heart complex I and
that neither decylubiquinone (DBQ) nor quinone-site inhibitors
(piericidin A, rotenone and capsaicin) inﬂuence the rate of superoxide
generation. However, as we report in this paper, superoxide is
generated from both SQ and SF in the isolated bovine heart complex I.
In our study, we used bovine heart complex I isolated in Yoshikawa's
laboratory which contains one tightly bound ubiquinone per complex
I. The NADH oxidation activity of their preparations decrease if the
ratio of bound ubiquinone per complex I happen to be below unity
[18]. The purpose of the current paper is to emphasize that protein-
associated ubiquinone plays an important role in the generation of
superoxide in the bovine heart complex I. This ﬁnding would provide
a new strategy for the study of etiology and therapy of diseases caused
by the dysfunction of complex I.
2. Materials and methods
2.1. Chemicals
Piericidin A was puriﬁed at Yoshikawa's laboratory from the
culture broth containing Streptomyces mobaraensis according to the
method described by Tamura et al. [19]. DEPMPO (5-Diethoxypho-
sphoryl-5-methyl-1-pyrroline N-oxide) was obtained from Alexis
Biochemicals (Axxora, San Diego, CA). All other chemicals including
DM (decylmaltoside), DDM (dodecylmaltoside) and partially acety-lated cytochrome c were purchased from Sigma-Aldrich (St. Louis,
MO).
2.2. Bovine heart Complex I
This was prepared at the Yoshikawa's laboratory using the method
of Nakashima et al., [20] with a modiﬁcation [18]. In brief, a
mitochondrial preparationwas obtained from 1.1 kg of minced bovine
heart muscle. It was homogenized at 11,000 rpm for 5 min in 6.5 liter
of 23 mMsodiumphosphate buffer (pH7.4) using a large scale blender
(Nihon Seiki Kaisha Ltd. Japan) followed by centrifugation at 2,230×g
for 20 min. The supernatant was centrifuged at 18,480×g for 30 min.
The precipitate was suspended in 40 mM Tris–HCl buffer (pH 7.8)
containing 0.67 M sucrose. Themitochondrial preparation (23 mg/ml)
was solubilized with sodium deoxycholate. The solubilized fraction
(the supernatant solution)was subjected to a sucrose density gradient
(stepwise sucrose gradient; 2.0, 1.1, 1.0 and 0.9 M sucrose in 50 mM
Tris–HCl pH 8.0 and 0.2% dodecylmaltoside) at 105,000×g for
15 hours. The complex I was further puriﬁed by Poros 20 HQ
chromatography. The complex I, which was eluted around 0.35 M
KCl, was further subjected to ammonium sulfate fractionation. The
precipitates collected between 0 and 350 g/l ammonium sulfate
concentration was dissolved in a minimal volume of a 40-mM HEPES
(pH 7.8) buffer containing 300 mM sucrose, 0.1% DM and 0.05% DDM
and was dialyzed against the same buffer solution overnight with 2
changes of buffer. The dialyzed solutionwith theprotein concentration
of 35–70 mg /ml was distributed into Eppendorf tubes (0.1 ml each)
and stored in liquid nitrogen until use. The respiration of all specimens
of complex I were inhibited by either piericidin A or rotenone more
than 95%.
2.3. Optical assays
Spectrophotometric assays were performed using a Hitachi-Perkin
Elmer dual-wavelength spectrophotometer (Model 577) with a
thermostatic bath and a magnetic stirring device. When a reagent is
added to the 10×10-mm sample cuvette (sample volumewas 1 ml), a
3- to 4-s recording interruption took place. In order to shorten it in a
rapid reaction, we devised a gadget which allowed us to add a reagent
without opening the lid of the cuvette chamber (Fig. 1). The
interruptionwas decreased to about 1 s. For the superoxide generation
assay with partially acetylated cytochrome c [21,22], the wavelength
combination of 550–540 nmwas used. As shown in Fig. 2A, B andC, the
actual recording (green) includes both superoxide dismutase (SOD)-
sensitive and SOD-insensitive reactions. The latter reaction (blue) can
be measured in the presence of 50 U/mg SOD. The difference between
these two traces represents the production of superoxide (red).
2.4. Cryogenic EPR measurements
Our standard procedures were as follows: a 300-μl aliquot of the
suspending buffer containing bovine heart complex I (ﬁnal concentra-
tion 30∼60 μM) and all additives (such as DBQ and/or inhibitors) were
transferred into a quartz EPR tube (O.D. of 4 mm). After 3 min of
incubation at 20 °C, 3 μl of 20 mMNADH (ﬁnal concentration: 200 μM)
was added using a specially made adder-mixer (Fig. 2H). After
designated incubation time (10 s to 7 min), the tube was frozen in
isopentane solution cooled in dry ice. The tubewas then stored in liquid
nitrogen until use. When the standard condition was changed, it was
mentioned in the text andﬁgure legend. TheEPRmeasurementswere as
follows: X-band (9.37 GHz) EPR spectra were recorded with a Bruker
EPR spectrometer (Elexsys500 or EMXmicro). An Oxford Instrument
ESR 900 helium-ﬂow cryostat was used for the temperature of 12 K for
the cluster N2 and other iron–sulfur cluster signals. A liquid nitrogen
ﬂowsystemsuppliedbyBrukerwasused for themeasurements at150 K
for g=2.005 signals (semiﬂavin and semiquinone). EPR conditions
Fig. 1. A device to add a fewmicroliters of reagent without opening the cuvette chamber
lid. (A) Anexamplewhere a positive-displacementmicropipettewasused. (B)Anexample
with a Hamilton microsyringe with a volume control device. For panel A: (a) cuvette
chamber lid, (b and c) black acrylic plates, (d) black plastic tubing, (e) stopper pin, (f) spring,
(g) black plastic tubing, (h) set screws, (i) black rubber tubing, (j)micropipette, (k) pipette
tip, (l) positive-displacement piston, (m) 10×10mm cuvette, (n) 1 ml sample solution,
(o) the position of the optical beam, (p) magnetic stirring bar, (q) magnet, (r) motor,
(s) magnetic shielding case. For panel (B): g, h and i are the same as in A. (t) a metal
protecting coverwhich comeswith the syringe, (u)Hamiltonmicrosyringe, (v)needle, (w,
x, y, z) volume control device. When the stopper pin (e) is pulled, the pipette is dropped
and the tip reaches the solution in the cuvette.
1903S.T. Ohnishi et al. / Biochimica et Biophysica Acta 1797 (2010) 1901–1909were as follows: microwave power from 1 μW to 100 mW; modulation
amplitude, 4 G (gauss); and time constant, 40 ms. If the signalswere too
small, they were accumulated 10 times.
2.5. Resolution of the power saturation curve
The power saturation proﬁle of EPR data (Y0) was taken at the
microwave power range between 100 μW and 100 mW. We found
that the proﬁle was derived from two different types of free radicals,
namely, the SF radical (Yi), and the SQ radical (Yii). As we will explain
in the Result section, we ﬁrst found two conditions where the original
data of the power saturation proﬁle (Y0) was derived almost
exclusively from either SF or SQ. Then, for other experiments, the
power saturation proﬁle (Y0) was reconstituted using two resolved
proﬁles of SF (Yi) and SQ (Yii) following the formula of
Y0 = a⋅Yi + β⋅Yii;
where α and β indicate the degree of contribution of respective
resolved radical form. The power saturation proﬁle is customary
shown in a log–log scale graph, but the calculation is done in a linear
scale. The analysis method was designed by S.T.O., and the software to
obtain the best ﬁt curve was developed by K.O.2.6. Spin-trapping at room temperature
Samples were prepared in an Eppendorf tube including 3 mg/ml
complex I, 20 mM DEPMPO, 40 mM HEPES–HCl buffer (pH 7.8) and
300 mM sucrose solution. After the addition of 100 μM DBQ and
200 μM NADH, the reaction mixture was aspirated into a Drummond
50 μl capillary pipette (1.51 mm O.D. and 1.13 mm I.D.; 115 mm long;
Fisher Scientiﬁc, Pittsburgh, PA) using the attached plunger. The
bottom of the capillary was closed using a hematocrit sealant. Then,
the capillary was inserted into a 4-mm (O.D.) quartz tube (Fig. 2G),
and the EPR spectra were taken approximately every one minutes.
The data in Fig. 2D (the control) and E (with 20 μMpiericidin A) show
a spectrum at 2 min 40 s. The time course of experiments is shown in
Fig. 2F, where the peak-to-peak value of the peak around 3305 gauss
was plotted.
3. Results
3.1. Measurements of superoxide production with different methods
Since every method of measuring superoxide production has
strong and weak points and since it could be inﬂuenced by various
experimental conditions, we used two methods (spectrophotometric
assay and EPR assay) to conﬁrm our observations. Fig. 2 shows the
results with the partially acetylated cytochrome c method. Fig. 2A
shows that the addition of piericidin A (a quinone-pocket inhibitor)
did not change the rate of superoxide generation if it was added after
the onset of reactionwith the additions of decylubiquinone (DBQ) and
NADH. Therefore, it is natural for any investigators to consider that the
quinone-pocket inhibitor has nothing to do with superoxide produc-
tion in puriﬁed bovine heart complex I. However, as shown in Fig. 2B
and C, the situation was different if complex I was incubated with
piericidin A and DBQ before the addition of NADH. In the latter case,
the rate of absorbance change increased (green traces) and the rate of
superoxide-insensitive reaction (blue traces taken in the presence of
SOD) decreased in the presence of 1 μM piericidin A. As a result, the
superoxide production in the control experiment was 1.3 nmol min−1
mg−1 while that in the presence of 1 μM piericidin A was 1.76 nmol
min−1 mg−1. The increase by piericidin A was 35%. The sensitivity of
complex I to piericidin A was very high. Above 95% inhibition was
obtained by 1 μM piericidin A. A similar result was obtained using
rotenone instead of piericidin A (data not shown). In order to conﬁrm
this result, we performed the superoxide production assay using a
spin-trapping reagent.
3.2. Spin-trapping experiments
Fig. 2D shows the adduct signals of DEPMPO-trapped superoxide
generated from bovine heart complex I measured at 2 min 40 s at
20 °C. Fig. 2E is the similar experiments but with 20 μM piericidin A.
The time course of adduct formation is shown in Fig. 2F. The increase
of superoxide generation with 20 μM piericidin A was between 37%
and 39%.
3.3. EPR power saturation proﬁle
3.3.1. Addition of NADH alone
When 200 μM NADH alone (no DBQ) was added to 30 mg/ml
complex I under aerobic conditions and the mixture was frozen in
10 s, a signal with awide peak-to-peak linewidth (ΔHpp) of around 13
gauss was obtained at a power level of 1 mW (see Fig. 3A and its
insets). These line shapes and the power saturation proﬁle, which did
not saturate above 10 mW, are typical to an SF (see [23]). However,
the ΔHpp value decreased below 1 mW, suggesting that a different
radical with a narrower ΔHpp also exists. As we will explain below,
this came from the SQ.
Fig. 2. Superoxide detection using partially acetylated cytochrome c and a spin-trapping technique. (A) If NADH and DBQ were added ﬁrst to the cytochrome c solution and then
complex I was added, the rate of absorbance (the slope of green trace) did not change upon addition of piericidin A. (B and C) This assay method requires the use of SOD to subtract
the superoxide-insensitive responses (blue trace). As shown in C, this insensitive response was inhibited when piericidin A had been added before the start of the reaction (blue
trace). As a result, the production of superoxide (red trace) was clearly increased as shown in C. Other conditions are 50 μM partially acetylated cytochrome c, 20 mM Tris–HCl (pH
7.5), 0.06 mg/ml asolectin and 0.1% DDM, 32 °C. At the position indicated with CI, 0.3 mg/ml complex I was added. The measurement was performed in the absence (green traces)
and presence (blue traces) of 50 U/ml of SOD. The difference of these two traces is shown in the red trace. (D) Spin-trapping of superoxide with 3 mg/ml complex I, 20 mMDEPMPO,
40 mMHEPES–HCl buffer (7.8), 0.02% DM, 0.005% DDM and 100 μMDBQ. The spectrumwas taken after 2 min 40 s of 100 μMNADH addition. (E) Similar to D except for the addition
of 20 μMpiericidin A. (F) Time course of superoxide adduct formation. (Open circles) The control experiments where 100 mMNADHwas added, EPR spectra weremeasured at 20 °C.
(Closed circles) in the presence of 20 μM piericidin A. (G) Capillary pipette was inserted into a 4-mm (O.D.) EPR tube. (a) Capillary pipette, (b) complex I solution was aspirated into
the capillary, (c) the bottom of the capillary tube was sealed with hematocrit sealant made of vinyl plastic putty, and the capillary was inserted into the EPR tube (d) and the spectra
were taken at 20 °C. (H) A specially made adder-mixer for adding a fewmicroliters of reagent to the sample solution inside a quartz tube before freezing, (a) a KELF tubing with O.D.
of 2.5 m and I.D. of 0.8 mm, (b) stainless steel rod, (c) a few microliter reagent to be added, (d) EPR tube (O.D.4 mm), (e) sample solution in the quartz tube.
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Fig. 3. EPR power saturation proﬁles (1 μW–100 mW) of bovine heart complex I. (A) Bovine heart complex I (30 mg/ml) was transferred into an EPR tube andwas incubated at 20 °C
for 3 min. Then, 200 μMNADHwas added using the adder-mixer. Sample was frozen in 10 s. (B) After 3 min incubation (at 20 °C ) of complex I (30 mg/ml) with 1 mMDBQ, 200 μM
NADH was added and the sample was frozen in 10 s. (C–F) The concentration of complex I in ﬁgures (C–F) was 60 mg/ml, and all tubes were handled similarly. The addition for the
experiment (C) was 200 μMNADH alone; for (D), 500 μM rotenone+200 μMNADH; For (E), 100 μMDBQ+200 μMNADH; for (F), 500 μM rotenone+100 μMDBQ+200 μMNADH.
In (C or E), experimental power saturation data (green) was resolved into each component of SF (blue) and SQ (red) using a computer software. The dashed curve (black) in these
two ﬁgures represents the reconstituted curve, which shows a good ﬁtting to the original experimental data. Other conditions which are common to all these ﬁgures: 300 mM
sucrose, 40 mM HEPES–HCl (pH 7.8), 0.2% DM and 0.05% DDM. EPR spectra were taken using Bruker EMXmicro spectrometer at 150 K. See text for the EPR conditions.
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When we added 1 mM DBQ and 200 μM NADH to 30 mg/ml
complex I, the power saturation proﬁle leveled off above 0.1 mW2. The
line shape was a typical g=2.005 signal with a narrower ΔHpp of 7∼8
gauss (see Fig. 3B and its insets), suggesting that the signal represents
the SQ. However, at the microwave power above 10 mW, both the
signal intensity and the ΔHpp value started to rise again. This is caused
by a small amount of SF which was also contained in this sample.
3.3.3. Effect of rotenone
If we added rotenone to the sample with NADH alone (Fig. 3C), or
with NADH plus DBQ (Fig. 3E), then the SQ radical disappeared and2 The SQ signals in biological systems usually show Gaussian EPR line shape, which
consists of a distribution of individual small resonance lines (called spin packets) into
one overall line (called envelope). Under power saturation condition, spins in the
various parts of the sample ﬁnd themselves different magnetic ﬁeld strength,
unresolved g-strains. Thus, the resonance line shape is artiﬁcially broadened in a
inhomogeneous manner. In this case, signal amplitude does not decrease after a
saturation peak and stays constant.we observed only SF (Fig. 3D and F). Piericidin A had the same effect
(data not shown).
3.3.4. Analysis of the power saturation curve
For obtaining the standard proﬁle for the SQ, we used the power
saturation proﬁle of Fig. 3B, but the rise above 10 mWwas eliminated.
Next, for the standard SF, we used the proﬁle of Fig. 3D (blue dashed
curve). Using these power saturation proﬁles for the individual SQ and
SF signals, we reconstituted the theoretical curve (black dashed curve)
with a help of the computer software (see Materials and Method
section). As shown in Fig. 3C and E, the reconstituted theoretical curves
ﬁtted well with the actual data (green).
3.3.5. Spin quantitation at 150 K
Since we can resolve experimental data into SF and SQ signals, the
next step is to determine the spin concentration of each signal. Under a
non-saturated condition at 150 K (the power level less than 0.1 mW),
we measured the spectra of 320 μM ﬂavodoxin [24] as a standard.
Then, from the comparison of double-integration ofﬂavodoxin, SQ and
Table 2
Shifting between SF radicals and SQ radicals in bovine complex I. Numbers indicate
percentages of both radical forms in the total concentration of complex I (which was
assigned as 100).
Conditions SF (%) SQ (%)
0.2 mM NADH 2.1 0.6
1 mM DBQ+0.2 mM NADH 1.1 6.5
0.1 mM DBQ+0.2 mM NADH 1.9 2.8
0.5 mM Rotenone+0.1 mM DBQ+0.2 mM NADH 3.0 0
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Table 2 shows the results where the numbers indicated the percent-
age content of each radical species in a complex I molecule. (The
concentration of complex I was set as 100.)
3.3.6. An attempt to determine the site of superoxide generation
Weattempted to determinewhich of the redox component, cluster
N2 or semiquinone radical, is the site of superoxide generation in the
presence of 100 μMDBQand200 μMNADH. The strategywe chosewas
to record the intensities of (i) superoxide radicals by spin-trapping
(20 °C), (ii) SQ (at 150 K) and (iii) cluster N2 at 12 K (Fig. 4A, B, C).We
changed incubation time of the samples with NADH at 20 °C (before
freezing) from 10 s to 7 min. As shown in Fig. 4D, both superoxide and
SQ increased while that of N2 decreased (N2 was oxidized).
4. Discussion
4.1. Power saturation studies
As shown in Fig. 3B, the power saturation proﬁle of SQ at g=2.005
has slower spin relaxation. It reached a saturation level around
0.1 mW and stayed in a plateau level except for a rise above 10 mW.
This kind of plateau level is often seen in slowly relaxing spins in a
biological samples. The peak-to-peak width (ΔHpp) of the signals was
7–8 gauss with a Gaussian-type line shape. On the other hand, as seenFig. 4. CryoEPR was measured with 30 mg/ml complex I, 100 μM DBQ and 200 μM NADH in
time between the addition of 100 μMNADH and freezing the samples as follows: (A) 10 s, (B
12 K, where the peak height of the N2|| was measured to represent the intensity of the si
production was measured using 20 mM DEPMPO and the capillary method at room tempera
intensities of superoxide and SQ signals are correlated, but the intensity of cluster N2 wasin the microwave power range above 10 mW in Fig. 3A, the SF type
signal had a wider ΔHpp (14∼18 gauss) with a Lorenzian-type line
shape. If complex I was reduced by NADH, the ΔHpp value for ﬂavin is
around 14∼18 gauss, but if it was chemically reduced in the
potentiometric titration, then the ΔHpp value was around 24 gauss
[23]. As shown in Table 2, we found that the contents of both SQ and
SF change dynamically in accordancewith the experimental condition
in a see-saw fashion.
4.2. A puzzle for the rotenone effect on complex I was ﬁnally solved
As shown in Fig. 3D and F, the addition of rotenone to complex I
shifted the free radical site from SQ to SF both in the absence and
presence of DBQ (piericidin A had a similar effect to rotenone; data not
shown). This ﬁnding, as exempliﬁed in Table 2, solved a long-standing
puzzle as to why superoxide generation in mitochondria was
increased with rotenone [8] in spite of the fact that rotenone killed
SQ signal [25]. It was a shift of free radicals from the SQ to SF sites. Since
ﬂavin is located in amore hydrophilic environment, overall generation
of superoxide was increased. (Although oxygen is hydrophobic, the
generated superoxide has a negative charge, and thus, it does not
easily permeate in a hydrophobic environment.) Further study is still
needed to quantitatively elucidate the individual contribution of the SF
and SQ to the amount of superoxide generation.
4.3. NADH-induced radical signals in the presence of DBQ
When both NADH and DBQwere added, a catalytic electron transfer
between NADH to DBQ occurs, resulting in a rapid oxidation of NADH.
Then, the intensity of the SF decreases and that of the SQ increases as
shown in Table 2. Contrary to the fast spin relaxation of SF, SQ has a
slower relaxation and it is saturated at around 0.1 mW. This is because
the adjacent iron–sulfur cluster N2 spins have the slowest relaxation
rate among all tetranuclear iron–sulfur clusters in Complex I [15]. Since
the catalytic electron transport is now taking place, electrons around40 mM HEPES–HCl (7.8), 300 mM sucrose, 0.1% DM and 0.025% DDM. We changed the
) 1 min and (C) 7 min. The EPR measurement of iron–sulfur cluster N2 was performed at
gnal. The amount of the SQ signal was measured at 150 K. The amount of superoxide
ture (see Fig. 3(G)). The relationship between these three quantities is shown in D. The
not correlated with other two quantities.
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N1a; [26,27]). Therefore, superoxide generation from SF decreased, and
superoxide is now mostly produced from SQ (Table 2).4.4. Superoxide generation mechanism at the ﬂavin site
All investigators agree that one of the superoxide generation sites is
ﬂavin. However, it is not established yet which form of ﬂavin (namely,
fully reduced ﬂavin or semiﬂavin radical) produces superoxide. A
considerable amount of work has been done by several investigators on
the mechanism of superoxide production from xanthine oxidase which
contains FAD and iron–sulfur clusters. For example, using an oxygen
pulse method, Nishino et al. [28] demonstrated that fully reduced ﬂavin
produces H2O2 but that a semiﬂavin generates superoxide. Although
complex I is different from xanthine oxidase and it is much more
complicated, there is a possibility that a similar mechanism might be
found in both enzyme systems. Thus, we considered the following two
possibilities with which the reaction takes place in complex I:
FMNH2 þ O2→FMNþ H2O2 ð1Þ
FMNH þ O2→FMN þ Hþ þ O2 ð2Þ
In other words, hydrogen peroxide is produced from fully reduced
ﬂavin (Eq. (1)), but superoxide is produced from the SF (Eq. (2)).
Earlier, Chance' group showed that superoxide is produced in a
one-electron transfer reaction to oxygen, while hydrogen peroxide is
produced by a two-electron transfer [2]. These authors pointed outFig. 5. These schemes summarize the results of this paper. (1) Electron transport in complex I
arrow), fromwhich superoxide radical is generated. (2)When complex I maintains one boun
and SQNs radicals (two red arrows) are produced, but the level of the SF radical decreased
quinone-pocket binding inhibitor; piericidin A did the same) is added, the interaction betw
transport stops. The signal of the SQ radicals disappears, but the SF radical was increased (that an oxygen molecule is in the triplet state and it accepts only one
electron to become superoxide. Porras et al. [29] and Messner and
Imlay [30] also pointed out a similar mechanism. Thus, we propose
the possibility that superoxide is produced from the SF.
4.5. Superoxide generation mechanism at the quinone site
If the time interval between the NADH addition and sample freezing
was increased, the superoxideproduction increased in the samemanner
as that of SQ, but the signal intensity of clusterN2wasdecreased (Fig. 4).
These data suggest that superoxide generation was correlated with the
SQ formation, but notwith the reduced formof clusterN2. Therefore,we
believe that superoxide is generated from SQ.
4.6. In the presence of DBQ, rotenone shifts back the superoxide
generation site to semiﬂavin
Quinone pocket-binding inhibitors, such as rotenone and piericidin
A, are known to inhibit NADH oxidation more than 95% ([20,31]).
Ohnishi's group demonstrated that both rotenone and piericidin A
decreased the SQ signal in complex I [25]. Fig. 5(2)) shows
schematically electron transfer from NADH to quinone in Yoshikawa's
complex I. When rotenone was added to this, SQ disappeared and SF
increased (Fig. 3D and F). Piericidin A had the same effect (data not
shown). Since these inhibitors block electron transfer from cluster N2
to quinone [32], cluster N2 remains in a fully reduced form (Fig. 5(3)).
Thus, the status of the rest of the respiratory systemwould be similar to
the complex I preparation, which does notmaintain protein-associated
quinone (see Fig. 5(1)). Therefore, it would be natural to generatewhich lacks protein-associated quinone. The addition of NADH produces SF radical (red
d ubiquinone, the electron transport can take place when DBQ is added. Then, both SQNf
(blue arrow). Superoxide is generated from SQNf (red arrows). (3) When rotenone (a
een iron–sulfur cluster N2 and SQNf is interrupted, and therefore the catalytic electron
red arrow).
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formationof SQ and shifts the generation site back to SF. In otherwords,
the superoxide generation sites in the respiratory chain of complex I
change in a see-saw fashion.
4.7. Our hypothesis on the superoxide generation sites in puriﬁed bovine
heart complex I
Based upon our results, we propose the following:
(i) In Yoshikawa's complex I preparations, the ratio of protein-
associated ubiquinone to complex I molecule is close to unity.
However, while trying to improve the puriﬁcation procedure, it
occasionally happened that the content of ubiquinone was
signiﬁcantly decreased below unity. They observed that in such
a sample, the NADH oxidation activity was also decreased in
proportion to the decrease of the ubiquinone content [18]. It
may be possible that the loss of bound quinone caused an
irreversible modiﬁcation of the quinone-binding site. If this
happens, the resulted complex I suspension may consist of a
mixed population of complex I molecules, namely, the active
molecules (with bound ubiquinone) and irreversibly denatured
molecules (with ubiquinone lost).
(ii) Most of investigators used partially acetylated cytochrome c
method to detect the generation of superoxide. It is known that
the method is also sensitive to a superoxide-independent
reaction, and therefore the rate of change in the presence of
SODhas to be subtracted.We observed that the latter reaction is
sensitive to quinone inhibitors (such as piericidin A and
rotenone) and is suppressed by them. Therefore, if we take
this change into consideration, these quinone inhibitors clearly
increased the superoxide generation in the presence of DBQ
(Fig. 2B and C).
(iii) There is a possibility that the order of the addition of DBQ and a
quinone-pocket inhibitor (piericidin A or rotenone) may be
important. As shown in Fig. 2A, if DBQ and NADH were added
ﬁrst, and then, piericidin A was added later, the effect was
difﬁcult to be detected. We have to incubate complex I with the
inhibitor before the addition of DBQ (Fig. 2B and C). We then
observed the same phenomenon in our EPR experiments
(Fig. 3D and F). In these experiments, if DBQ was added ﬁrst,
the effect of rotenone was much less. We normally incubated
complex I with rotenone for 3 min before the addition of DBQ
to see the maximum inhibitory effect.
(iv) Superoxide generation from complex I is inﬂuenced by the
addition of DBQ. It is also inﬂuenced by quinone-pocket binding
inhibitors.We conﬁrmed these results by twomethods, namely,
the partially acetylated cytochrome c method and the spin-
trapping technique.
4.8. Difference between prokaryotes and eukaryotes
Hirst's group reported that 95% of reactive oxygen species (ROS)
generated frombovine heart complex I is superoxide,while 80% of that
from Escherichia coli is hydrogen peroxide [33]. This is a very
interesting observation from the stand point of evolution. It is believed
([34–40]) that the earth was born around 5 billion years (abbreviated
as 5 Ga) ago where the surface was volatile and was ﬁlled with sulfur-
containing gas, nitrogen and nitrogen-containing compounds and
iron. Around 3.8 Ga, a primitive form of life appeared which
synthesized ATP by glycolysis and/or sulfate or nitrate respiration
using cytochromes (made of iron and the porphrin ring). They are
called prokaryotes. Around 2.5 Ga, chlorophyll (manganese and the
porphyrin ring) appeared, which enabled the synthesis of ATP using
solar energy. These life-forms also acquired the ability to synthesize
carbohydrate from carbon dioxide. This enabled the appearance ofgreen-colored bacteria in the oceanwhich promoted the production of
oxygen in the environment. Around 2 Ga, the oxygen content in the
earth's environment started to increase, and with strong UV radiation,
the ozone layer was formed. Around 1.5 Ga, bacteria, which used
oxygen to synthesize ATP, were incorporated into multicellular
organisms (algae and sea fauna) and their symbiosis started. This is
the origin of mitochondria and the start of eukaryotes. Because of the
increased efﬁciencyof ATPproduction in eukaryotes and the formation
of the ozone layer which shielded them from harmful UV radiation,
life-forms (plants and animals) started to appear on the land around
0.4 Ga. Since mitochondria oxidize nutrients in order to synthesize
ATP, newly appeared land life-forms, especially animals which
consumed a greater amount of oxygen, had to overcome the “oxygen
toxicity” and developed antioxidative mechanisms including super-
oxide dismutase. In other words, eukaryotes were able to appear
because they can evade the toxicity of superoxide radicals, which are
far more toxic than hydrogen peroxide. This may be the reason why
80% of ROS production from E. coli (prokaryotes which appeared in the
early history of the earth with a lower oxygen environment) was
hydrogen peroxide while the majority of ROS from mammalian
(eukaryotes) complex I is superoxide.
4.9. The type of ubiquinone which contributes to the formation of the SQ
radical
T. Ohnishi and colleagues [15,25] proposed that complex I contains
two types of ubiquinone, QNf and QNs, in which the latter is needed as a
converter between n=1 and n=2 electron transfer. Now, there is a
possibility that bothQNf andQNsmay serve to convert electron transfer
from 1 electron to 2 electron. Then, a question would be raised as to
which of these quinone molecules is the source of observed SQ signal.
Tentatively, we hypothesize that the SQ radical is derived from both
QNf and QNs because both types of quinone are involved in electron
transfer in complex I (Fig. 5(2)). However, superoxide which we
detected by the optical method or the spin-trapping techniquemay be
attributed to QNf because this quinone is located in an amphipathic
environment, which is more hydrophilic than that around QNs. QNs
could still form superoxide because oxygen molecules can permeate
through a lipophilic environment to reach the SQ form of QNs.
However, generated superoxide may not reach the water phase to be
detected because superoxide is negatively charged and its mobility in
the lipophilic environment may be limited. Again, further studies are
needed.
In summary, our hypotheses may settle the 30-year argument on
the generation sites of superoxide in bovine heart complex I. Namely,
(1) The superoxide generation site is not a ﬁxed point but shifts
along the respiratory chain.
(2) In the absence of catalytic electron transfer, superoxide may be
generated from the SF in bovine heart complex I.
(3) In the presence of catalytic electron transfer (for example, with
DBQ as an electron acceptor), electrons are “pulled” down-
stream in the respiratory chain toward quinone and superoxide
is generated from SQ. However, a small amount of superoxide is
still generated from SF.
(4) When catalytic electron transfer is inhibited by either rotenone
or piericidin A, the site is switched back to SF.
(5) A study on themechanismof superoxide generation in complex I
would contribute to the elucidation of the mechanism of
electron–proton coupling as suggested by Ohnishi and Salerno.
They proposed that semiquinone radicals may play an essential
gating role in the directly redox-coupled proton pumping
mechanism in complex I [41]. In thismodel, the authors assumed
that QNf alone may account for the observed high transfer ratio
between electrons and protons in complex I (4H+/2e−).
However, recent development of the “indirect” proton pump
1909S.T. Ohnishi et al. / Biochimica et Biophysica Acta 1797 (2010) 1901–1909may change the view. There are possibilities that QNf causes the
direct proton transport, and that QNs is involved in the indirect
proton transport. Further investigation may open up a new
horizon in the complex I study.Acknowledgement
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